Aging leads to progressive deterioration of physiological function and diminished responses to environmental stress. Organic and functional alterations are frequently observed in elderly subjects. Although chronic sleep loss is observed during senescence, little is known about the impact of insufficient sleep on cellular function in aging neurons. Disruption of neuronal calcium (Ca 2 + ) signaling is related to impaired neuronal function and cell death. It has been hypothesized that sleep deprivation may compromise neuronal stability and induce cell death in young neurons; however, it is necessary to evaluate the impact of aging on this process. Therefore, the aim of this study was to evaluate the effects of chronic sleep restriction (CSR) on Ca 2 + signaling and cell death in the hippocampus of young and aged animals. We found that glutamate and carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) induced a greater elevation in cytosolic Ca 2 + ([Ca 2 + ] c ) in hippocampal slices from aged rats subjected to CSR compared to age-matched controls. Interestingly, aged-matched controls showed a reduced Ca 2 + response to glutamate and FCCP, relative to both CSR and control young animals.
Introduction
Several studies have examined the regulatory mechanisms of sleep and the impact of sleep deprivation (SD) on biological systems. Sleep facilitates learning and memory and, consequently, synaptic plasticity (for reviews, see Frank, 2006; Walker, 2008) . Sleep loss induces changes in behavior, as well as in synaptic and membrane excitability in the hippocampus and cortex (McDermott et al., 2003; Winters et al., 2011) . In addition, some studies have shown genetic damage or cell death (Biswas et al., 2006) in response to sleep loss. Furthermore, in the hippocampus, SD affects glutamate content (Cortese et al., 2010) and glutamate receptor functions by altering the surface expression of N-methyl-D-aspartate (NMDA) receptor subunits (Chen et al., 2006; McDermott et al., 2003) . Glutamate receptor activation promotes Ca 2 + mobilization, which triggers signaling cascades that impact multiple neuronal functions. However, prolonged overstimulation of glutamate receptors and Ca 2 + overload are associated with excitotoxicity and apoptosis (Alberdi et al., 2010; Ferreiro et al., 2008; Tan et al., 1998; Ureshino et al., 2010) . Aging has also been associated with changes in glutamatergic neurotransmission and a deterioration of learning and memory (for reviews, see Segovia et al., 2001; Lister and Barnes, 2009) . Evidence has been accumulated over the last decade indicating that these functional changes are due to modifications of synaptic connectivity and intracellular signaling (Toescu and Verkhratsky, 2007; Tonkikh et al., 2006) . Thus, age-dependent changes in Ca 2 + signaling may contribute to memory deficits and cell death. Indeed, some authors have postulated that age-induced changes in Ca 2 + signaling may lead to synaptic dysfunction and neurodegeneration (Hajieva et al., 2009; Toescu, 2005; Toescu and Verkhratsky, 2004; Tonkikh et al., 2006) . Moreover, mitochondrial oxidative stress may to impair mitochondrial function, causes alterations of mitochondrial Ca 2 + responses and promote the release of pro-apoptotic proteins, triggering apoptosis (Pivovarova et al., 2004 ; for review Marchi et al., 2012) . The proteins of the Bcl-2 family regulate mitochondrial outer membrane permeability and the apoptotic process (Kuwana and Newmeyer, 2003) . It is well known that most elderly individuals experience a gradual decline in cognitive function and sleep quality (Bonnet and Rosa, 1987; Espiritu, 2008; Plassman et al., 2008) . Therefore, it is important to understand the cellular mechanisms underlying age-dependent alterations in synaptic function. For studies focusing on the effects of sleep reduction, chronic sleep restriction (CSR) is more clinically relevant than total sleep deprivation, as humans are more likely to experience the former. In modern society, the time spent sleeping has become shorter, leading to a population that is chronically sleep deprived (Bonnet and Arand, 1995; Broman et al., 1996; Tufik et al., 2009) . For this reason, the study of impact of sleep loss on a healthy aging population is important; therefore, the aim of this study is to investigate the effects of CSR on Ca 2 + signaling and apoptosis in young and aged rats.
Material and methods

Animals
A total of 80 male Wistar rats (38 young adult rats, 3-4 months old; 42 aged rats, 22-23 months old) were used in the experiments. These animals were obtained from our animal facility (CEDEME-Universidade Federal de São Paulo/UNIFESP) and this study was approved by the Ethical Committee of the UNIFESP (CEP 0365/08). The rats used in this study were fed ad libitum and were maintained and treated in accordance with the guidelines established by the Ethical and Practical Principles of the Use of Laboratory Animals (Andersen et al., 2004b) .
Chronic sleep restriction (CSR) protocol
Rats were sleep deprived using the multiple platform (flower pot) procedure (Coenen and van Luijtelaar, 1985; Van Hulzen and Coenen, 1981) . The protocol consists of placing rats in a tiled water tank containing platforms (10 cm in diameter) raised 1 cm above the water surface. This allows the rats to move around by leaping from one platform to another. The temperature of the water inside the tanks was similar to the ambient room temperature (22 ± 1°C). During paradoxical, or rapid eye movement (REM) sleep, rats fall off the platform due to muscular atonia and are awakened. An intermediate-sized (10 cm) platform was used because aged rats are slightly larger than young ones, as previously described (Andersen et al., 2004a) .
To evaluate the effect of repeated sleep deprivation in young adult and aged rats, we used the CSR protocol developed by Machado et al. (2005) . In that protocol, the rats were kept on the platforms for 18 h (beginning at 16:00 h) and allowed to sleep for 6 h in their individual home cages (10:00-16:00 h) every day for 21 days. Therefore, while the rats were on the platform (18 h), they were deprived of paradoxical sleep and when they were in the home cage (6 h), they were allowed to sleep freely (sleep opportunity period). Thus, this protocol permits partial compensation for sleep loss. We reasoned that this procedure should mimic sleep fragmentation due to repeated awakenings and would be a useful tool to investigate the effects of SD. However, in contrast to the Machado protocol (2005) , the animals in our study were subjected to the protocol for only 15 days because aged animals begin to show difficulties in maintaining their posture on the platform after 2 weeks. All animals were exposed to a habituation period on the platforms for 1 h per day for 3 days prior to beginning the CSR protocol. Young and aged animals were randomly assigned to control and sleep-restricted groups: young adult control (YG-CTL), young adult sleep-restricted (YG-SR), aged (AG), and aged sleep-restricted (AG-SR). Both control groups (age-matched controls) were maintained in cages in the same room as the experimental groups for the duration of the study.
Throughout the study, the experimental room was maintained at a controlled temperature (22 ± 1°C) with a 12:12 h light-dark cycle (lights on at 07:00 h). Food and water were provided ad libitum and the water in the tank was changed daily. Liquid nutritional supplement (Sustagen®, Brazil) was administered to attenuate the tiring and weakening effects of the CSR protocol (see further details in de Souza et al., 2010).
Preparation of rat hippocampal slices
After the 15th day of sleep restriction, the rats were removed from the water tank (10:00 h) and returned to their cage until they were euthanized (13:00 h). During this interval (10:00-13:00 h), the animals groomed themselves, ate and slept. This time period was consistent for all animal groups. The rats were euthanized and their brains were removed and immediately immersed in oxygenated artificial cerebrospinal fluid (aCSF; 1.2 mM KH 2 PO 4 , 4.7 mM KCl, 2.5 mM CaCl 2 , 25 mM NaHCO 3 , 1.2 mM MgSO 4 , and 11 mM glucose, pH 7.4) supplemented with sucrose solution (220 mM). Using a vibratome (1000 Plus Sectioning System; Campden Instruments Inc., U.S.A.), the brains were sliced into 200-μm coronal sections that included the cortex and hippocampus (Smaili et al., 2008) . The hippocampus was dissected and the slices were transferred to oxygenated incubation solution and protected from light. After washing, the sections were mounted in a Leiden chamber with 1 ml aCSF and kept at 37°C for the duration of the experiments.
Ca
2 + measurement in rat hippocampal slices
For Ca 2 + measurements, the slices were incubated at room temperature for 30 min with Fura2-AM (10 μM), a ratiometric Ca 2 + dye (Grynkiewicz et al., 1985) , plus 0.01% pluronic acid F-127. During the experiments, the samples were maintained at 37°C. . The number of slices collected in each experiment was equivalent to the number of rats, i.e., 1 slice was obtained from each rat.
A dose-response curve was used to determine the ideal concentration of glutamate (1 mM) that would evoke a [Ca 2 + ] c rise in both young and aged hippocampal slices. In the FCCP experiment, oligomycin (100 μg/ml) was added to prevent excessive ATP consumption by (reversible) ATP-synthase (Budd and Nicholls, 1996; Smaili et al., 2000) . In hippocampal slices from young adult rats (n = 3), FCCP was also tested in Ca The total numbers of rats from each group used to evaluate the effects of glutamate were as follows: YG-CTL, n = 5; YG-SR, n = 6; AG, n = 6; AG-SR, n = 6. The total numbers of rats from each group used to evaluate the effects of FCCP were as follows: YG-CTL, n = 5; YG-SR, n = 5; AG, n = 7; AG-SR, n = 7.
Apoptosis detection using the TUNEL assay
Perfusion was started approximately 1 h after the CSR protocol; however, the animals (control and sleep restricted) were randomly perfused 1 at a time (2-3 animals per h). The animals were anesthetized and transcardially perfused with saline followed by 4% formaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). The brains were removed for paraffin embedding and coronally sectioned at 5 μm. A terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed according to the manufacturer's protocol (Bortner et al., 1995 ; Apop Tag Plus; Chemicon, U.S.A.). Briefly, brain slices were deparaffinized in xylene and dehydrated in ethanol. The samples were treated with proteinase K (20 μg/ml) for 15 min and then endogenous peroxidase activity was quenched with an application of 1% H 2 O 2 for 20 min. Next, the samples were incubated in an equilibration buffer for 10 min before being treated with terminal deoxynucleotidyl transferase at 37°C for 1 h. To stop the reaction, wash buffer was applied (15 min) to the samples, which were then incubated with anti-digoxigenin-peroxidase antibody (30 min). After washing, slides were developed with 3,30-diaminobenzidine (DAB; 0.5%) and counterstained with hematoxylin (Gavrieli et al., 1992) . Images were captured using a Nikon E8000 microscope (Nikon, Japan) coupled to a Cool Snap Pro Color camera and analyzed with Image Pro Express software (Media Cybernetics, U.S.A). The number of TUNEL-positive cells in the pyramidal layer of hippocampal slices were counted hemilaterally under a 40 × objective and an average of 2 slices (5 μm each) were collected from each rat (coordinates: interaural between 5.20 mm and 5.86 mm; bregma between −3.80 mm and −3.14 mm; Paxinos and Watson, 1998) . The data are expressed as the percentage of TUNEL-positive cornu ammonis 2 and 3 (CA2 and CA3, respectively) pyramidal neurons to the total number of cells (apoptotic cells/total number of pyramidal cells × 100). The numbers of rats from each group used to evaluate apoptosis were as follows: YG-CTL, n = 4; YG-SR, n = 5; AG, n = 5; AG-SR, n = 6.
Western blot analysis of Bcl-2 and Bax
Hippocampi from both hemispheres were minced and homogenized in ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 0.05% deoxycholate, 1% NP-40, 1 mM EDTA, 0.1% SDS and protease inhibitors, pH 8.0) with an Ultra-Turrax homogenizer. Total protein concentration was determined using the Bradford (1976) assay method and 50 and 100 μg of protein were used for Bcl-2 and Bax labeling, respectively. The proteins were electrophoresed on 15% SDS polyacrylamide gels and transferred onto nitrocellulose membranes. To block nonspecific labeling, membranes were blocked with 5% nonfat dry milk for 1 h for Bcl-2 or 2 h for Bax and then incubated with anti-Bcl-2 (1:200, N-19 sc-492; Santa Cruz Biotechnology, U.S.A.), anti-Bax (1:100, Δ21 sc-6236; Santa Cruz Biotechnology, U.S.A.) or anti-β-actin (1:1000, A5060; Sigma, U.S.A.) primary antibodies in 1% bovine serum albumin at 4°C overnight. After washing, goat anti-rabbit IgG secondary antibody (1:20,000; ImmunoPure, Thermo Scientific, U.S.A.) in 1% bovine serum albumin was added and allowed to incubate for 1 h. After additional washing, the membranes were developed using an ECL detection system and labeled bands were captured on autoradiographic film. Membranes were then stripped and relabeled with anti-β-actin antibody. Densitometric analyses were performed after autoradiographic films were scanned using Quick Scan Win 2000 software. The results were normalized to the β-actin band intensity in each experiment and plotted (mean± standard deviation (SD)) as percentage of β-actin. The numbers of rats from each group used for Western blotting were as follows: YG-CTL, n = 4; YG-SR, n = 4; AG, n = 4; AG-SR, n = 4.
Statistical analyses
The values shown are expressed as the mean ± SD. Homogeneity of variance was assessed by the Bartlett test and normal data distribution by the Kolmogorov-Smirnov test. Two-way analysis of variance (ANOVA) was used to assess the variables of age (adult or aged rat) and condition (sleep-restricted or not sleep-restricted). The Duncan post-hoc test was used to compare values of the different groups. When the Bartlett test showed absence of homogeneity of variance, the data were analyzed using the Kruskal-Wallis ANOVA followed by the Mann-Whitney U-test. p b 0.05 was considered statistically significant. (Fig. 1B1) . The Duncan test revealed significant differences between the AG and YG-CTL groups and between the AG and AG-SR groups. In the CA3, an ANOVA revealed significant effects of age [F(1,20 (Fig. 1B2) .
Results
Effects of glutamate on [Ca
Evaluation of mitochondrial Ca
2 + content in the hippocampus of young and aged rats
As described earlier, hippocampal sections from young and aged rats were loaded with Fura2-AM and FCCP (2.5 μM) was added to examine mitochondrial Ca 2 + content. In the DG, FCCP induced a similar increase in fluorescence ratio in both young adult groups (YG-CTL: 21.1 ± 6.7; YG-SR: 23.9 ± 5.9). However, a smaller fluorescence increase was detected in the AG group (10.5 ± 3.8) compared to the young adult groups. In the AG-SR group, the FCCP response (15.2 ± 4.3) was greater than in the AG group. An ANOVA revealed a significant FCCP response that was age-dependent [F(1,20) = 21.07; p b 0.01] (Fig. 2B1) . -free solution, similar responses were observed after the addition of FCCP (19.3 ± 1.8) in the CA3 (data not shown), indicating that only mitochondrial Ca 2 + was mobilized.
Detection of apoptosis by TUNEL staining in the hippocampus of young and aged rats
To determine the effects of aging and the CSR protocol on apoptosis, we performed TUNEL staining in the hippocampus of young and aged rats. We detected apoptotic nuclei, mainly in the pyramidal layer of the CA2 and CA3 regions, in both aged groups (AG: 2.2 ± 0.7; AG-SR: 4.0 ± 2.3); however, apoptosis in the hippocampi of both young groups was almost undetectable. The non-parametric Kruskal-Wallis test revealed a significant difference in TUNEL staining between the aged and young groups (p b 0.05) (Fig. 3) . A representative image demonstrating typical staining of an apoptotic nucleus using the TUNEL method is shown in Fig. 4. 
Bcl-2 and Bax expression in the hippocampus of young and aged rats
To determine the expression levels of apoptosis-regulating proteins Bcl-2 and Bax, we performed Western Blot analysis of hippocampal lysates from young and aged rats. Band intensities were normalized to β-actin. As shown in Fig. 5 , the ANOVA showed that there were no statistically significant differences in Bcl-2 or Bax levels 
Discussion
In this study, we examined the relationship between neuronal Ca ] c in the aged group compared to both young adult groups. TUNEL-positive cells were detected primarily in the CA2 and CA3 regions of aged (non-sleep-restricted) rats and aged sleep-restricted rats. However, due to the high variability in the aged sleep-restricted group, the numbers were not significantly different between the two groups. Bcl-2 and Bax protein expression were not altered by either increased age or the CSR protocol.
Glutamate induces a smaller increase in the Ca
2 + fluorescence ratio in hippocampal slices of aged rats
The effects of glutamate were investigated because there is evidence that sleep loss induces changes in glutamatergic signaling. In addition, this compound is involved in excitotoxic brain damage. In our study, we observed a smaller increase in the Ca 2 + fluorescence ratio following the addition of glutamate in the aged group (non-sleep-restricted) in comparison with the other groups. The fluorescence ratio was greater in both young adult groups regardless of sleep condition. This reduced response observed in the aged group may be related to a reduction in hippocampal glutamatergic receptor density (Magnusson et al., 2010; Segovia et al., 2001) . A reduction in NMDA receptor subunit expression may explain some of the NMDA receptor function changes observed during aging (Magnusson, 1998; Magnusson et al., 2002) . The loss of hippocampal NMDA and AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors significantly correlates with age-related declines in learning (Magnusson, 1998) . ] c buffering (Murchison et al., 2004) . The mitochondria participate in intracellular Ca 2 + buffering and dysfunctional mitochondrial metabolism may be involved in age-dependent changes in Ca 2 + homeostasis (Xiong et al., 2002 (Xiong et al., , 2004 . Chronic depolarization of mitochondrial membranes or alterations in mitochondrial ultrastructure may be responsible for age-dependent changes in mitochondrial function (Lopes et al., 2004; Xiong et al., 2002 Xiong et al., , 2004 . ] c after stimulation with glutamate and FCCP in hippocampal slices from aged rats. In young adult animals, the glutamate and FCCP response was similar in control and sleep-restricted rats. In young adult animals, SD induces a reduction in hippocampal AMPA receptor phosphorylation (Hagewoud et al., 2010) , decreases synaptic transmission and longterm potentiation (Ravassard et al., 2009) A B Fig. 4 . TUNEL staining in hippocampus sections (5 μm) of aged rats. There were stained cells in both groups of aged rats, (A) stained scattered was most common, however, (B) detection of multiples apoptotic nuclei it was observed in AG-SR group.
Reduction in mitochondrial Ca
Chronic sleep restriction induces an increase in the Ca
NMDAR surface expression (Kopp et al., 2006; McDermott et al., 2006) . The recovery of sleep post-SD rescues these deficits (Kopp et al., 2006; Ravassard et al., 2009 ). In fact, previous studies in our laboratory have shown that during CSR, young adult animals adapted and slept more during the period of rest (6 h sleep) (see details in Machado et al., 2005) . In addition, the Ca 2 + experiments were performed 3 h after the animals were removed from the platform (on the 15th day of the CSR protocol), which may be enough time for young neurons to recover and buffer the increase in [Ca 2 + ] c . Therefore, the absence of a difference in Ca 2 + increase between the young groups may be due to their capability of adapting to the chronic sleep restriction protocol (de Souza et al., 2010; Machado et al., 2005) . Unfortunately, all the studies examining SD and glutamate receptors were conducted with young rats or for short periods of SD (Kopp et al., 2006; McDermott et al., 2003 McDermott et al., , 2006 Ravassard et al., 2009; Tadavarty et al., 2009; Tartar et al., 2010) , which limits their comparison to our study. Furthermore, it remains to be determined how glutamate receptor signaling is affected during chronic sleep reduction. A previous study in our laboratory demonstrated that unlike young rats (Machado et al., 2005) , aged rats did not recover their sleep deficit during the sleep opportunity period (6 h) (de Souza et al., 2010) . Therefore, chronic sleep loss due to aging may be primarily responsible for the glutamatergic signaling-induced increase in [Ca (Verkhratsky and Toescu, 1998; Xiong et al., 2002) . Hippocampal neuronal cell culture models showed greater sensitivity to a glutamate challenge in senescent neurons than in young neurons (Abramov and Duchen, 2010; Brewer et al., 2007) . Moreover, aging is associated with changes in the threshold for mitochondrial permeability transition pore (mPTP) opening, which releases stored Ca 2 + from mitochondria (Abramov and Duchen, 2010) , as well as the ability to maintain intracellular ATP content under pathophysiological conditions (Joo et al., 1999) . The changes induced by the CSR protocol may also be related to physical stress (Papale et al., 2005; Tufik et al., 1995) and/or sleep loss during aging. Physical stress is an inherent feature of the SD protocol and aged animals may be more vulnerable than young animals, mainly because also can contribute to oxidative stress (Naidoo et al., 2008; Singh et al., 2008) .
4.4. Apoptotic nuclei are increased in the hippocampus of aged rats (sleep-restricted and non-sleep-restricted)
Previously, it was suggested that sustained waking may damage neurons through excitotoxicity and lead to cell death (Biswas et al., 2006; Cirelli et al., 1999; Hipólide et al., 2002; Naidoo et al., 2008; Novati et al., 2012) . However, the first two studies did not find any neuronal loss in young adult animals after SD (Cirelli et al., 1999; Hipólide et al., 2002) . Notably, it was recently shown that chronic partial sleep deprivation reduces the sensitivity of the nucleus basalis magnocellularis to excitotoxic insult promoted by NMDA (Novati et al., 2012) . However, Biswas and collaborators (2006) observed that long-term REM sleep loss (6-10 days) does lead to increased apoptosis in some nuclei in the rat brain. In young and aged mice, basal expression of proapoptotic factors increased with aging and SD produced additional increases in old, but not young, animals (Naidoo et al., 2008) .
Our study did not find any statistically significant difference in the number of apoptotic nuclei in the hippocampus of young rats following CSR. In fact, apoptosis was almost undetectable in both young groups. Conversely, aged animals showed more TUNEL staining, mainly in the CA3 region, indicating a selective vulnerability to aging. Despite the absence of any significant difference, there was more variability in the aged sleep-restricted group, with some animals showing more vulnerability to neuronal death than others.
The delay in recovery from the rise in [Ca 2 + ] c following the addition of glutamate and FCCP in aged sleep-restricted rats may lead to increased susceptibility to excitotoxic damage and apoptosis (Ureshino et al., 2010) . It is possible that excess mitochondrial Ca 2 + promotes increases in reactive oxygen species production, which triggers apoptotic pathways (Ureshino et al., 2010) . Oxidative stress was elevated in the hippocampus of sleep-deprived adult and aged animals and the aged animals were more severely affected (Singh et al., 2008) . A decrease in antioxidant defense mechanisms was observed in the hippocampus of adult rats after 21 days of SD (Süer et al., 2011) . In our study, despite the relatively small increase in apoptotic nuclei in the aged sleeprestricted rats, the observed age-dependent alterations in Ca 2 + signaling suggest that aging causes the organism to be more vulnerable to stressful conditions. However, other mechanisms must also underlie the increase in apoptosis observed in the hippocampus of aged rats because we did not observe an increase in mitochondrial Ca 2 + or an increase in [Ca 2 + ] c after FCCP and glutamate stimulation.
Absence of change in Bax and Bcl-2 expression
The role of apoptotic proteins in sleep and aging in rats remains controversial. Our data did not show changes in expression levels of the anti-apoptotic protein Bcl-2 or the pro-apoptotic protein Bax during aging or following CSR. This is in agreement with data presented by Hipólide et al. (2002) , who found no alterations in Bcl-2 or Bax mRNA in young rats following CSR using the classical platform technique. In contrast, Montes-Rodríguez et al. (2009) reported an increase in the Bcl-2/Bax ratio in the hippocampus of adult young rats subjected to acute sleep deprivation and a decrease in this ratio in other brain structures. Thees et al. (2005) demonstrated an increase in Bax expression without changes in Bcl-2 levels in the hippocampus of aged baboons, which correlated with an increased number of TUNEL-positive cells in this group. In other brain regions during aging, a reduction in Bcl-2 levels may lead to increased cell vulnerability (Ureshino et al., 2010) . However, in our model of aging and CSR, we were unable to correlate changes in apoptotic protein expression with hippocampal apoptosis.
Conclusions
Our data indicate that CSR induces alterations in Ca 2 + signaling in aged rats and that although apoptosis is present in the hippocampus, apoptotic protein expression is not affected. Because chronic SD is quite common in our modern society, particularly during aging, it is important to evaluate changes in Ca 2 + signaling during CSR to better understand the pathophysiological mechanisms associated with aging. The increase in [Ca 2 + ] c after CSR suggests that sleep loss perturbs Ca 2 + signaling mechanisms that are compromised by aging.
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